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and rather discretely inherited resistance classes in the crop evaluated (Baker, 1988) .
One question that has not been addressed to date for strawberry is whether the absence of genetic variation for specific adaptation to the sublethal consequences of nonfumigated soils will be consistent as soils deteriorate due to repeated cropping cycles without preplant fumigation. Differing and increasingly substandard soil environments generated through repeated cropping without fumigation could expose genetic variation that is cryptic in the first cultivation cycle after repeated intervals of fumigation and crop production. Therefore, the objective of our study was to extend the prior search (Larson and Shaw, 1995) for soil-specific adaptive variation by using a larger sample of strawberry genotypes, and most importantly to examine any changes that might occur in the distribution of genetic and genetic × fumigation interaction variances as the nonfumigated soil environments deteriorate over repeated strawberry cultivation cycles.
Materials and Methods
All performance trials were conducted at the University of California Strawberry Research Facility, near Watsonville in the central coast of California (lat. 36°54' N, long. 121°48' W). Two subsites separated by approximately 50 m were used at this location, with strawberry trials conducted in 1993, 1995, 1997, and 1999 at one subsite, and in 1994, 1996, and 1998 at the second. For each subsite the initial nonfumigated cultivation cycle reported herein (i.e., 1993 and 1994) was established on soil that had been cropped in strawberry in alternate years during the prior 12 years. Each of the six previous strawberry cultivation cycles was preceded by a cover crop of barley (Hordeum vulgare L.) and broad bean (Vicia faba L.), and strawberry crops were grown after preplant soil fumigation using 2 methyl bromide: 1 chloropicrin (wt/wt), at 303 to 392 kg·ha -1 . Fumigation treatments for each of the seven current trials were applied by preparing adjacent parcels within a subsite for planting and either Reports published during the past 50 years have documented the benefits of preplant soil fumigation with a mixture of methyl bromide and chloropicrin for annual (Wilhelm et al., 1974; Wilhelm and Paulus, 1980) and perennial strawberry (Fragaria ×ananassa) production systems (Hancock et al., 2000) . Recent research syntheses have shown that yield differences between plants cultivated in fumigated and nonfumigated soils increase over cycles of strawberry cultivation (Shaw and Larson, 1999) . The increasing benefits of soil fumigation over time resulted from deterioration of soil environments with repeated cropping of strawberry in the absence of fumigation, rather than from accrued benefits of repeat fumigation. This pattern must be viewed as a substantial obstacle to successful strawberry cultivation in annual systems without soil fumigation.
Although breeding and subsequent development of specially adapted cultivars is cited frequently as an alternative to preplant soil fumigation for strawberry (USDA, 1993; Watson et al., 1992) , studies published to date have demonstrated a virtual absence of genetic variance for specific adaptation to the sublethal soil organisms that affect strawberry performance. This general absence of soil-specific adaptive variation is evidenced by the nonsignificant genetic × fumigation interactions found in California germplasm for production traits (Fort and Shaw, 2000 b; Fort et al., 1996; Larson and Shaw, 1995) and root characteristics (Fort and Shaw, 2000a) . Soil-specific adaptive variation was also absent in studies that included other North American germplasm sources of F. ×ananassa , and when fumigation responses were evaluated in perennial strawberry cultural systems (Hancock et al., 2000) . These findings are consistent with genetic interaction results in general, where substantial rank-shift interactions are usually accompanied by the presence or absence of a specific lethal plant pathogen treating with 2 methyl bromide: 1 chloropicrin (wt/wt), at 392 kg·ha -1 , or leaving the soil untreated. Parcels initially chosen as nonfumigated received no soil fumigation throughout all seven trial years. The alternate-year system of strawberry cultivation was continued for each crop of strawberry, and each of our seven trials was preceded by a cover crop of barley and broad bean, regardless of its preplant soil treatment.
Runner plants from 49 strawberry genotypes were used during the seven trial years. Thirty-five of the genotypes were tested in more than one year, and seven of the genotypes were tested in four or more years. The 49 genotypes were chosen from the current cultivars and advanced selections available from University of California (U.C.) strawberry improvement program. Fourteen of the genotypes were (or eventually were released as) cultivars and 25 were advanced selections not released to date. Twenty of the genotypes were day-neutral and the remainder were extendedfruiting short-day flowering types with a range of production patterns. These genotypes thus comprise an extensive and representative sample of the current elite germplasm available for breeding purposes within the U.C. program.
Trials were established and treated according to recommendations for annual commercial winter planting systems (Welch, 1989) . Runner plants for all trails were harvested each year from a propagation nursery near Macdoel, Calif. (lat. 41°45' N, long. 121°59' W) on 15 to 17 Oct. For the 1993 trial, all genotypes were planted on 21 Oct., 1992. For all other trials, short-day genotypes were established after 5 to 8 d and day-neutral genotypes after 21 to 28 d of supplemental cold storage at 1 °C, consistent with recommendations for optimizing their performance in annual production systems (Strand, 1994) . Experimental plots were established on two-row beds with 1.32-m centers and 0.36-m inrow plant spacing. Two replicates were established within each soil treatment, with a single plot of 20 runner plants per genotype in each replication.
Fruit yield and fresh weight of a 10 fruit sample were recorded weekly, for 23 to 27 consecutive weeks during the spring and summer following planting in each trial year. Total yield was evaluated for each plot on a per-plant basis, and fruit size was calculated as the weighted average of the weekly 10-fruit sample weights obtained throughout the season, with weighting based on corresponding weekly yield. All results were tested for scale effects but no transformation was required prior to further analyses (Fernandez, 1992) . Analyses of variance (ANOVA) for each trait were performed in a joint analysis with soil fumigation treatment as a fixed effect, years and genotypes as random effects; replications were nested in years and fumigation treatments. Analyses were conducted using SAS procedure GLM (SAS Inst, Inc., 1988) and significance tests were performed using type III expected mean squares (Table 1) . Model variance components due to genotypes (σ ) were estimated by equating the expected mean squares in Table 1 with their corresponding experimental mean squares, and solving this series of linear equations.
The extent to which the experimental phenotypic variance was explained by genotypic differences was quantified as the experimental repeatability:
[1] is analogous to a plot-mean genotypic heritability, except that genetic components of variance were estimated for a population that has been selected and not recombined through random mating (Larson and Shaw, 1995; Shaw, 1992) . The similarity of genotypic responses between the two fumigation treatments was quantified by treating individual traits in different fumigation treatments as separate but genetically correlated, and estimating their genotypic correlation as (Burdon, 1977) :
[2] This genotypic correlation can be used to predict the correspondence in genetic selection response, where selection is conducted in one soil fumigation environment and performance is tested in the other.
Because fumigation treatments were established on the same parcels within each subsite in alternate years, the fumigation response, or difference between fumigated and nonfumigated treatments for each trait, could be evaluated for different nonfumigated crop cycles. Trials conducted in 1993 and 1994 represent the first strawberry crop in 12 seasons initiated without the use of preplant soil fumigation; nonfumigated treatments for 1995 and 1996 trials represent the second strawberry crop produced without fumigation, 1997-99 nonfumigated treatments represent plantations in the third or fourth cultivation cycle established without preplant soil fumigation. The significance and magnitude of fumigation, genotypic, and interaction variances were compared over these cultivation cycles to evaluate trends in genetic and genetic × fumigation interaction effects as soil environments deteriorate due to repeated cropping of strawberry without preplant fumigation. ANOVAs for this comparison were conducted after segregating the individual-year results into three sets that represent comparisons in the first, second, or thirdor-greater cycle of cultivation in nonfumigated soil. Statistical evaluations for these three sets were made using the expected mean squares in Table 2 . For this analysis, the effects of years and associated interactions were ignored, due to confounding of genetic × year and genetic × replication-in-year effects. The main effects of years is reflected in the replicates-in-fumigation term, and year × fumigation interactions are pooled in the error term. Repeatabilities and cross-soil type genetic correlations were estimated as in Eqs.
[1] and [2], except that interaction terms involving years were not included.
Results and Discussion
Yield and fruit size were greater for plants grown in fumigated soils than for plants grown in nonfumigated soils for each of the seven trial years (Table 3) . Over all years, yield and fruit size for plants in fumigated soils (1603 ± 24.9 g/plant and 27.9 ± 0.28 g/ fruit, respectively) exceeded those for nonfumigated soils (993 ± 25.3 g/plant and 25.8 ± 0.20 g/fruit, respectively) by 61% and 8%, respectively. The main effects of preplant soil fumigation were highly significant (P < 0.01) for both traits (Table 4) . Year × fumigation treatment interaction variances were highly significant for both traits, indicating a failure of the fumigation treatment to provide similar levels of response across years; these interaction variances may reflect changes in the nonfumigated soil environment over repeated cultivation cycles, although substantial variation for percentage increase exists within cycles as well (Table 4) .
Yields for individual genotypes ranged from 607 to 2120 g/ plant in fumigated soils, and from 326 to 1415 g/plant in nonfumigated soils. Genotypic means for fruit size were 21.7 to 35.5 and 21.3 to 30.5 g/fruit for the same soil types, respectively. The precision of trait means for individual genotypes varied in this experiment due to differential representation over years; variance components estimated for the combined set provide measures of genotypic dispersion unbiased by year effects and replication number, thus genotypic means were not considered further. The genotypic variance was the largest single component of the phenotypic variance in the combined analysis for both traits, R = 0.45 and 0.80 for yield and fruit size, respectively (Table 4) . Genetic × fumigation interactions were statistically significant (P < 0.05) only for fruit size, and genetic × fumigation × year interactions were not statistically significant. All interaction variances were small relative to genotypic variances (Table  4) and cross-soil treatment genetic correlations were consequently large (r gy = 0.77 -0.91) in this combined analysis. The cross-soil treatment genotypic correlations estimated here are nearly identical in magnitude to those reported previously (Larson and Shaw, 1995) , despite the inclusion in this analysis of genetic × fumigation × year interaction sources. Large three-way interactions might indicate a change in the expression of genetic variance resulting from deteriorating soil conditions in the nonfumigated environments, i.e., over cultivation cycles, but evidence for this is lacking in our results.
Differences in yield and fruit size between soil treatments increased after the first cycle of strawberry cultivation on Error 164 σ 2 z k 1 = 2.2, 2.3, and 1.4, k 2 = 11.1, 10.9, and 5.9, k 3 = 44.4, 43.8, and 35.6, k 4 = 9.3, 9.7, and 11.4, k 5 = 2.3, 2.4, and 3.2, k 6 = 4.6, 4.9, and 6.3, and k 7 = 2.3, 2.4, and 3.2 for experiments where the nonfumigated treatment represents the first, second or third cycles of nonfumigated strawberry cultivation. z Number of intervening strawberry crops since the last broadcast fumigation treatment for nonfumigated treatments. y (-) and (+) indicate no soil fumigation and preplant soil fumigation with 392 kg·ha -1 of 2 methyl bromide : 1 chloropicrin (wt/wt), immediately before the current planting.
nonfumigated soil (Table 3) . Plants grown in fumigated soil yielded 41% more fruit than plants in nonfumigated soils in the first nonfumigated cultivation cycle, 74% more fruit compared with plants in the second nonfumigated cycle, and 68% more than plants grown in the third or greater nonfumigated cycles. Fruit size was less affected by soil fumigation than fruit yield (increases of 2% to 18%), with the largest fumigation treatment effects expressed in the third or fourth strawberry crop cycle without preplant fumigation. The main effects of fumigation were highly significant for yield regardless of nonfumigated cultivation cycle; soil fumigation increased fruit size significantly only when the third or later cycle of nonfumigated cultivation was evaluated (Table 5 ). This pattern suggests that traits not initially identified as problematic in nonfumigated soils may be affected over time. Highly significant genotypic variances were detected for both traits in all three of the sets generated based on the nonfumigated Table 5 . Results for analysis of variance for seasonal strawberry yield and average fruit size, with one, two or three-four cycles of strawberry production preceding each nonfumigated treatment. cultivation cycle (Table 5) , and repeatabilities were large for both traits regardless of soil fumigation history (R = 0.48 -0.79). Genetic × fumigation interaction variances were statistically significant only for fruit size in the third-or-greater nonfumigated cultivation cycle and the interactions in this case comprised a very small fraction of the phenotypic variance (8.2%). Cross-soil treatment genetic correlations were somewhat larger on average for both yield (r gy = 0.92) and fruit size (r gy = 0.95) than those derived from the combined analysis (r gy = 0.77 and 0.91 for yield and fruit size, respectively, Table 4 ). Again, there is no evidence that genetic variation specific for adaptation to nonfumigated soils is expressed in larger fractions as soils deteriorate over cycles of nonfumigated strawberry cultivation. Over time strawberry growers will face two obstacles to successful cultivation in nonfumigated soils: 1) reductions in yield and other performance characters resulting from increased damage and competition from sublethal soil organisms, and 2) increased plant mortality resulting from increased incidence of lethal pests and pathogens. To date, lethal pathogens have had a minimal impact on nonfumigated strawberry cultivation, in part because all commercial plantings use stock from fumigated nurseries. The consequences of using less effective soil fumigants in strawberry nurseries may be extensive (Larson and Shaw, 2000) , and the impact of resistance breeding for lethal pathogens could provide an important aid for mitigating further losses (Shaw and Larson, 1999) . Conversely, although trait mean differences between fumigation treatments increased over cultivation cycles, there was no trend in the fractional contribution of genetic × fumigation interaction variance. There seems no direct genetic solution within F. ×ananassa to the yield and performance reductions that result from sublethal and competitive organisms, regardless of the number of nonfumigated crop cycles.
